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Abstract: Long-distance quantum communication networks require ap- 
propriate interfaces between matter qubit-based nodes and low-loss pho- 
tonic quantum channels. We implement a downconversion quantum inter- 
face, where the single photons emitted from a semiconductor quantum dot 
at 910 nm are downconverted to 1560 nm using a fiber-coupled periodi- 
cally poled lithium niobate waveguide and a 2. 2-jj.m pulsed pump laser. The 
single-photon character of the quantum dot emission is preserved during the 
downconversion process: we measure a cross-correlation g^ 2 \t = 0) = 0.17 
using resonant excitation of the quantum dot. We show that the downcon- 
version interface is fully compatible with coherent optical control of the 
quantum dot electron spin through the observation of Rabi oscillations in the 
downconverted photon counts. These results represent a critical step towards 
a long-distance hybrid quantum network in which subsystems operating at 
different wavelengths are connected through quantum frequency conversion 
devices and 1.5-/im quantum channels. 

OCIS codes: (270.5565) Quantum communications; (190.4390) Nonlinear optics, integrated 
optics; (230.7405) Wavelength conversion devices; (250.5590) Quantum-well, -wire and -dot 
devices 
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1. Introduction 

Long-distance quantum communication networks require appropriate interfaces between matter 
qubit-based nodes and low-loss photonic quantum channels 0]|2][3|- Quantum frequency con- 
version (QFC) J4), whereby a photonic qubit's carrier frequency is translated while maintaining 
its quantum state, is well-suited to the task J5]|6l. Quantum dots have been studied extensively 
as potential quantum network nodes J7] [8], and upconversion of single photons from quantum 



dots has been demonstrated [9 |. However, generation of noise photons and absence of coherent 
control in those experiments have limited the utility of the QFC technique. In this paper, we 
report a low-noise downconversion quantum interface, in which 910-nm single photons from a 
quantum dot are downconverted to the 1 .5-fim lowest-loss telecom band, showing near-perfect 
preservation of antibunched photon statistics under coherent quantum dot spin control. These 
results represent a critical step towards a long-distance hybrid quantum network iflOl . in which 
subsystems operating at different wavelengths are connected through QFC devices and 1.5-/im 
quantum channels. 

The development of a long-distance hybrid quantum network faces many challenges. Per- 
haps foremost among them is an interface between coherently controlled matter qubits (which 
typically have optical transitions in the visible or near-visible spectral range) and low-loss pho- 
tonic quantum channels based on transmission through optical fiber. Quantum frequency con- 
version enables such an interface. In this work we demonstrate a QFC scheme whereby single 
photons emitted from a quantum dot, at a wavelength of 910 nm, are downconverted to the 1.5- 
jj.m lowest-loss telecom band, while the emitted photons are temporally and spectrally shaped 
by the converter. QFC has enjoyed renewed interest since the development of upconversion- 
assisted single-photon detectors at 1 .5 fim: the use of periodically poled lithium niobate (PPLN) 
waveguides with internal conversion efficiencies exceeding 99.99% (with extraction efficien- 
cies of ^90% limited by waveguide propagation losses) for pump powers on the order of 100 
mW ifTTlfPSl . There has been recent work on extending QFC for use in downconversion, with 
experimental efforts focusing on various systems including quantum dots and color centers in 
diamond lfT3l[T4l[T5l[T6l . To the best of our knowledge, there has not yet been a demonstration 
of a 1.5-/zm downconversion interface for a matter qubit. 

As a matter qubit, we use a single electron in a InAs/GaAs quantum dot (QD) Q HJ. 
InAs QDs are among the brightest and fastest known single-photon sources ifPTl . When singly 
charged, they are also interesting candidates as quantum memories, since ultrafast optical coher- 
ent control techniques allow of order 10 5 single-qubit gate operations before the qubit dephases 
0~8), and have a level structure shown in Fig. [Tic). Pairs of single photons emitted from the 
same dot have been shown to be indistinguishable to a high degree 030, and two-photon in- 
terference from separate QDs has been demonstrated via precise frequency tuning using either 
strain fl20l or electric fields lETl . 

There are two telecom bands of interest for long-distance fiber-based quantum networks: 
the spectral regions near either 1.3 or 1.5 jim, which have propagation losses of 0.34 or 0.19 
dB/km, respectively (22). While several QFC experiments have focused on the 1.3-jUm window 
J9]|3|, an interface to the 1.5-/imband would enable nearly double the transmission distance of 
a 1.3-/im interface. One difficulty with the construction of a 1.5-/im interface is that to avoid 
large noise counts due to spontaneous scattering processes of the strong classical pump, the 
pump wavelength must be substantially longer than that of the converted signal lfT5l [Pill . 

2. Experiment and results 

2.1. Frequency conversion setup and characterization 

A system-level schematic of our experimental setup is shown in Fig. [JJ Downconversion of the 
QD single photons at a signal wavelength X s = 910 nm to a target wavelength A, = 1.5 jJ.m 

requires a pump field at X p = (A" 1 - V 1 ) = 2.2 jlim, as shown in Fig. [TJb), satisfying the 
constraint for low noise operation. To generate the long-wavelength pump, we built a 2.2-jim 
picosecond source using a bulk DFG process. Downconversion using a pulsed pump source has 
the added advantage of being able to spectrally and temporally shape the conversion process, 
with applications in future experiments on two-photon interference and entanglement genera- 
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Fig. 1. (a)-(d), Schematic diagrams of the experiment. The quantum dot sample was placed 
in a magnetic field (Voigt geometry) and was resonantly excited on the |4-)-|t4-i •U') tran- 
sition (with Rabi frequency fi e x as in (c) and j7)) with the 910-nm excitation laser. The 
spin state was controlled with the 91 1-nm rotation laser (Rabi frequency £l rot ), which was 
synchronized to the excitation laser. A portion of the rotation laser power was picked 
off and combined with a strong 1565-nm laser to produce ps-pulsed 2.2-flm radiation 
used as the pump for the downconversion process. Single photons emitted via decay from 
It-li-D-) to |t) were collected and downconverted in the PPLN waveguide with poling pe- 
riod Ac = 21.9 jlm. The resulting 1560-nm downconverted photons were detected on a 
superconducting nanowire single-photon detector (SNSPD). 



tion l23ll2D . We combined the 3-ps 91 1-nm pulses from a mode-locked TkSapphire laser with 
pulses from a 2-W telecom-band laser (a tunable diode laser followed by an erbium-doped fiber 
amplifier) in a bulk MgO:PPLN crystal (length 5 cm, poling period Aq = 25.9 jUm, tempera- 
ture 177° C). The crystal length is a factor of 4 longer than the group-velocity walkoff length 
between the 91 1-nm pulses and the 1565-nm signal, yielding top-hat-like 2.2-jj.m pulses with 
a full-width at 1 /e 2 -intensity maximum of 8.6 ps and a maximum peak power of 40 W. The 
MgO:PPLN crystal incorporated multiple QPM grating lengths, allowing us to vary, via choice 
of grating length, the pulsewidth of the 2.2-/im pump. 

Single-photon downconversion was done in a periodically poled lithium niobate (PPLN) 
waveguide fabricated using the reverse-proton-exchange technique ffTTl [121 . The waveguide 
chip had a total length of 5.2 cm, had a periodically poled grating of 4-cm length with period 
Ac = 21.9 /im, and incorporated an integrated WDM coupler to facilitate coupling both the 
short-wavelength QD single photons and long-wavelength pump light to the fundamental spa- 
tial mode of the mixing waveguide. Input- and output-coupling to the waveguide was done by 
pigtailing optical fibers with UV-curing epoxy. We observed optical losses of 1.5 dB (includ- 
ing input-coupling loss and propagation loss) at 910 nm, and the fiber output-coupling loss at 
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Fig. 2. Temporal characterization of the downconversion process: (a) DFG cross-correlation 
for a time delay between 2.2-flm pump pulses and 3-ps rotation laser pulses in the down- 
conversion waveguide, showing an approximately 10-ps-wide conversion time window, 
with good agreement to a numerical simulation, (b). Inset: SNSPD photon-count histogram 
showing converted QD single photons (red) and noise when the QD excitation is blocked 
(black), demonstrating very low leakage. Main: as the time delay between the excitation 
and pump pulse is varied, we trace out the spontaneous emission decay curve of the QD; 
the black dashed curve is an exponential decay with a 600-ps time constant, matching the 
value observed directly at 910 nm. For each time delay, we integrated for 300 s. 

1560 nm was approximately 1 dB. To measure the temporal resolution of the downconversion 
system, the fiber-coupled 2.2-jim radiation was combined in the downconversion waveguide 
with the 3-ps 91 1-nm laser pulses, and the DFG radiation at 1.56 jim was measured as a func- 
tion of the 2.2-/im optical delay. Our results are shown in Fig. |2|a) along with a simulation 
performed using the split-step Fourier method J24), showing good agreement. The only free 
parameters used in the simulation to fit the data in Fig. [2{a) were the peak powers of the 2.2- 
jj.m and 91 1-nm pulses. 

The peak internal conversion efficiency of the downconversion waveguide was estimated 
to be approximately 80%, limited by the waveguide propagation losses of approximately 0.2 
dB/cm, and occurred for peak powers (in the input fiber) of approximately 3 W. We note that 
the power for maximum conversion is higher than in previous QFC experiments using similar 
waveguides due to absorption loss of approximately 1 dB/cm at 2.2-/im, as resulting from the 
tail of an OH vibration-libration resonance in LiNbC>3 l25ll . 



2.2. Quantum dot sample and optical control techniques 

The quantum dot sample used in this work was similar to devices used previously for coher- 
ent manipulation and all-optical spin-echo experiments lfl8l . It consists of a low density of 
quantum dots, located at the antinode of an asymmetric, low-Q {Q ~ 200) distributed Bragg 
reflector (DBR) planar microcavity with center wavelength near 910 nm. The high reflectivity 
of the bottom-DBR directed the emitted photons towards the collection path, while the rela- 
tively low Q allowed for reduction of the optical powers needed for coherent manipulation, 
and increased control fidelity. A Si 5-doping layer, approximately 10 nm below the quantum 
dots, charged on average one in three quantum dots; magneto-photoluminescence was used 
to identify the charged dots. A confocal microscopy setup with high-numerical aperture (NA) 
collection reduced the effective density of quantum dots within the diffraction-limited laser 
spot, and spectral inhomogeneity between different dots was used to identify a single one. The 
sample was mounted in a superconducting, magnetic cryostat, with base temperature of 1.6 K, 
and the magnetic field used in the experiments was set to 6 T An aspheric lens (NA = 0.68) 
was mounted inside the cryostat, which improved the photon collection efficiency. A 3-axis 
slip-stick piezo-actuator setup allowed access to any quantum dot within the sample. 

The QD optical manipulation techniques used in this work were derived from previously 
reported techniques |fl8| , with slight modifications. While detuned, 3-ps circularly polarized 
optical pulses from a modelocked laser (the "rotation" laser, detuning Awl nm or 300 GHz) 
enabled high-fidelity coherent control of the electron spin by means of a Ramsey-interferometer 
setup, the coherent control of the |4,}-|1\|o-ll-) effective two-level system occurs through the use 
of on-resonant, 100-ps pulses from another modelocked laser, the "excitation" laser, which 
synchronized to the rotation laser. The filtering of the spontaneously emitted photon at 910 nm 
requires a double-grating filtering setup, and accurate cross-polarization before detection on a 
Si photon counter. 

2.3. Single-photon downconversion experiments 

For the purpose of downconversion, half of the spontaneously emitted photons are split off and 
sent into a single-mode fiber, which is connected to the downconversion waveguide. To filter 
the downconverted QD photons from residual pump light, parasitic pump second-harmonic 
radiation, and residual excitation and rotation laser power, we used a fiber-optic circulator and 
fiber Bragg grating (with 2 nm bandwidth) and a long-pass filter on a Si substrate placed into 
a fiber U-bench. The optical filtering setup had approximately 2.4 dB insertion loss. To detect 
the downconverted single photons, we used superconducting nanowire single-photon detectors 
(SNSPDs) which had a 14% system detection efficiency at 1560 nm with a 40-Hz dark count 
rate, and were maintained at an operating temperature of 2 K l26l . 

To coherently generate and convert single photons from the quantum dot, we used the pulse 
sequence shown in Fig. [ltd). The excitation laser coherently drove the optical transition be- 
tween states |4,) and |t4,i4J-}> which could then spontaneously decay into either \\) or \\) Q. 
Photons created upon decay to |t) were collected, and after a time delay corresponding to 
several spontaneous emission lifetimes, a spin-rotation pulse was used to transfer population 
between |f) and |4,) to avoid trapping the population in |t) [7 , 8 1. The 2.2-/xm pump pulse was 
used to convert the emitted single photons to 1560 nm, which were then filtered and routed to 
the SNSPD. The inset of Fig.|2b) shows a histogram of detected counts on the SNSPD plotted 
versus the time delay from the rotation laser electrical trigger. We clearly see a narrow con- 
verted pulse (red) when the excitation laser is on, corresponding to downconverted single pho- 
tons from the QD at A r , and very low noise (black) when the excitation laser is off. The FWHM 
temporal width of the conversion feature is 100 ps, due to the timing jitter of the SNSPDs, and 
the SNSPD dark counts give a flat background level. As the time delay between the excitation 
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Fig. 3. Single-photon intensity auto- and cross-correlations, showing strongly antibunched 
photon statistics, (a), Measured g^(t) of the QD emission at 910 nm using two Si APDs 
and quasi-resonant excitation of the QD, showing a g( 2 '(0) = 0.13. Each bar represents 
an integral over a 5-ns time window around each peak, (b), Normalized cross correlation 
between nonconverted photons before the waveguide and downconverted photons at 1560 
nm, showing g' 2 '(0) = 0.17. No background subtraction has been used. Error bars are one 
standard deviation assuming Poisson counting statistics. 

and conversion pulse was varied, we traced out the spontaneous emission decay curve of the 
QD. The dashed black curve is an exponential decay with a 600-ps decay constant, matching 
closely the value observed directly by time-resolved detection of the emitted photons at A. s . We 
estimated the rate of incident signal photons at 910 nm in the input fiber of the waveguide to be 
6 x 10 4 s _1 . Our observed count rates on the SNSPD were approximately 20 signal counts/s, 
in good agreement with known losses (described above for the waveguide and output filtering), 
temporal overlap factor of approximately 1.7% due to the mismatch in durations between the 
spontaneous emission lfetime of the quantum dot and the 2.2-jim pump pulsewidth, and the 
SNSPD detection efficiency of 14%. 

An important aspect to prove that the quantum frequency downconverter maintains the quan- 
tum state of the light emitted from the quantum dot is the investigation of photon statistics. For 
this purpose, we began by measuring the second-order autocorrelation function £™(t) of the 
quantum dot photons at X s (with simple modifications to the experimental setup in Fig. QI a )) 
using a Hanbury Brown and Twiss interferometer and quasi-resonant pulsed excitation |fl9l . 
Our results are shown in Fig. [3ja), where we see an antibunching dip g^ 2 \0) =0.13, a sig- 
nature that we were detecting photons from a single emitter. Fixing the excitation-conversion 
delay and pump power, we then measured coincidences between photons reflected off a 50/50 
beamsplitter placed before the waveguide, at A s , and the converted photons at X t : our results are 
shown in Fig. Ob). We generated counting histograms using a time-correlated single-photon 
counting system. The measurement of photon correlations was done using time-tag mode. To 
suppress the effect of the SNSPD dark counts, the only SNSPD counts that were included in the 
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Fig. 4. (a), Rabi oscillations, observed as oscillations in the count rate at 910 (blue dots) and 
1560 nm (green squares) as the excitation laser power is varied, (b) shows Rabi oscillations 
as the QD electron spin state is coherently rotated. In both plots, the solid blue curves (fit 
to the 910-nm data) are shown to guide the eye, and the vertical scales of both plots are 
adjusted to show the agreement between the count rate oscillations at 910 and 1560 nm. 



analysis were those within a 200-ps pulse arrival window. The fact that the antibunching sig- 
nature remains (with a zero-delay dip of g^ 2 '(0) = 0.17) demonstrates that the downconverter 
preserves the photon statistics of the input signal upon conversion. The error bars in Fig. [5]are 
calculated from the counting statistics of each peak. We note that no background subtraction 
has been applied to the results in Fig.[3j in Fig.[3ja), the value of g' 2 '(0) is limited by leakage 
from the excitation laser, while the value of g^ (0) in Fig. [2b) has an additional, yet still small, 
contribution from both the dark counts of the SNSPD and residual leaked light from the 2.2-jim 
pump pulse (see Fig. EJb) inset). 

To demonstrate the compatibility of our downconversion interface with coherent control, we 
performed two Rabi oscillation experiments. Rabi oscillations indicate that one can perform 
coherent rotations on a qubit around a single axis. First, we rotated between ||) and |1\|,,JJ-) 
using the excitation laser, and second, we rotated between and \l) using the spin-rotation 
laser Q. The optical-excitation Rabi oscillations, observed directly at 910 nm, are shown as 
blue dots in Fig.@Ja) and the spin-control Rabi oscillations are shown in Fig.Ub), where in both 
cases the 2.2-jj.m pump was off. Turning on the downconversion pulses at a fixed time delay 
of 200 ps after the excitation pulse, we observe similar oscillations in the count rates at X t = 
1.56 jitm (green squares in Fig. Ufa) and (b)), shown on the same vertical scale as the 910-nm 
data. As is expected for Rabi oscillations, we observe maxima (minima) in the detected photon 
counts as the state is rotated through odd (even) integer multiples of n. Detailed, quantitative 
understanding of the control dynamics of the spin system has been reported previously J7] HJ 
QjO; we indicate fits to the 910-nm data (blue curves) as a guide to the eye, in good qualitative 
agreement with the aforementioned models. 



3. Conclusions 



We have demonstrated low-noise downconversion of single photons emitted from a coherently 
controlled quantum dot to the 1 .5-jim telecommunications band. The use of picosecond conver- 
sion pulses temporally shapes the downconverted emission from the quantum dot. The resulting 
time resolution potentially enables the generation and verification of telecom-band spin-photon 
entanglement 11231 . Due to the temporal mismatch between the spontaneous emission lifetime 
(600 ps) and conversion window (6-10 ps), relatively few of the emitted photons were converted 
in this experiment. Similar spectral and temporal shaping, with higher overall efficiency, could 
be accomplished through the use of a long chirped pump pulse, followed by pulse compres- 
sion using standard techniques 1271 . Additionally, the use of two frequency converters with two 
pump wavelengths would enable high-fidelity telecom-band interference of photons from quan- 
tum dots with different transition frequencies ll28l . By tuning the pump frequency, a tunable 
telecom-band single-photon source is created, which has potential uses in wavelength-division 
multiplexed quantum communications and in quantum metrology. 

We are aware of recent related work in which single photons emitted from an InP quantum 
dot are downconverted to the 1.3-/im telecom band [29|. 
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